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WHIM

WHIM

Cen & Chisari 2010

Warm-hot intergalactic medium and CCE
Warm-hot intergalactic medium (WHIM):

T=105-107 K; nH = 10-5-10-3 cm-3.
Dominant mass and metal reservoir at z=0.
Chemical enrichment history is imprinted.
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Why do we search in emission?

Emission may give us 3D 
distribution of the WHIM.

Absorption can only do  
pencil beam analysis.

Interaction to dense nodes 
(clusters) may be studied.

Applicable for only dense 
region (I ∝ nH2)

Absorption can probe less 
density region (EW ∝ nH)
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100 Mpc/h

Cen & Ostriker 2006
WHIM distribution from simulation
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Report of WHIM emission in cluster vicinities
Possible detection for several clusters (Kaastra+ 2003)
Strong OVII/OVIII emission in Coma-11 field (Finoguenov+ 2003)
NeIX emission signature in vicinity of X Comae, associated with NeIX 
absorption (3σ; YT+ 2007)
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5.3. EMISSION LINES IN THE EPIC SPECTRA 65

5.3.2 Spectral analysis

We fitted the net vignetting corrected spectrum with a collisionally ionized thermal plasma
model component (APEC in XSPEC) for the Coma hot gas, plus an APEC component for
the Milky Way background, plus a power law component for the cosmic X-ray background.
The free and fixed parameters of the models are given in Table 5.7. The energy range for the
spectral fit was 0.4-7.0 keV, excluding the energies of strong detector lines (1.4–1.6 keV).

Our key finding is a clear detection of O VII and Ne IX lines from the X Comae field, as
shown in Figure 5.9. In that figure we plot the ratio of the data to the smooth continuum
fit described above. We tried to fit the excess of the spectrum by adding another lower
temperature APEC model. However, the Ne IX line was not fitted, while O VII and O VIII
structures were fitted. Next, we set the abundance of the warm thermal plasma zero and
added three Gaussian lines to represent O VII, O VIII and Ne IX lines. The width of the
three Gaussians were fixed to be 1 eV, which is far smaller than energy resolution of the
detector. This model well fitted the data. The best fit values for the entire X Comae field
are shown in Table 5.7.

Figure 5.9: EPIC pn spectrum from the sum of the five regions around X Comae. Left:
the spectrum with a model without metals. The discrepancy around 0.57 keV and 0.90 keV
suggests the existence of O VII and Ne IX, respectively. Right: the ratio of the data to a
smooth continuum (the model shown in the left panel. The smooth line is a fit of three
narrow width (much less than the resolution) Gaussians to the residuals. The center of the
lower-energy two Gaussians are fixed to O VII and O VIII at zero redshift, respectively, and
that of the higher-energy Gaussian is fixed to Ne IX at the Coma redshift.

We also investigated the spatial variability of the O VII, O VIII and Ne IX lines. We
divided the X Comae field into five concentric annuli approximately centered on the center
of the cluster (see Figure 5.8 right), and fitted the spectra extracted from each region in the
same way. The spectra of the four background fields were also fitted. Figure 5.10 shows the
surface brightness of O VII , O VII and Ne IX vs. the radius from NGC4874. The five points
with a small radius corresponds to the X Comae fields. The intensity of the Ne IX component
increases toward the Coma cluster center. The intensity of this line in the background fields

YT+ 2007Vicinity of X Comae
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Old good days... (looked quite promising)

Around 2003-2005, many detections are 
reported.

Kaastra+ 2003
Finoguenov+ 2003
Nicastro+ 2005 (absorption)

First X-ray microcalorimter on Astro-E2 
(Suzaku) was about to be launched (2005), 
which enables first imaging (fine) 
spectroscopy.
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2.2. WARM-HOT INTERGALACTIC MEDIUM 11
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Figure 2.7: Left: a spectrum of Mkn 421 observed with Chandra LETGS. Right: cumulative
number of O VII WHIM systems per unit redshift as a function of the minimum O VII
column density. The solid line is a model predicted by numerical simulation of Fang et al.
(2002). Both figures are from Nicastro et al. (2005a).
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Figure 2.8: Temperature dependence of the cooling function and its components for a opti-
cally thin plasma containing cosmic abundance of elements (Gehrels & Williams, 1993)

photons, not energy) of an emission line can be written as

LX =

∫
ε dV = EM S

∑
Z Λ′

line(T ), and (2.10)

I =
EM Z Λ′

line(T )

4π (1 + z)3E
, (2.11)

Nicastro+ 2005
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After a couple of years... (reality not so easy)
It turned out that the detections are not WHIM.

Kaastra+ 2003
Calibration and Galactic foreground 
problem.

Finoguenov+ 2003
Solar wind charge exchange (YT+ 
2008).

Nicastro+ 2005 (absorption)
Not confirmed by XMM (Rasmussen+ 
2007, Kaastra+ 2007).

First X-ray microcalorimter on Astro-E2 
(Suzaku) did not succeed observations.

Not achieved due to unexpected He loss.
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Fig. 4.— A comparison of the 955 ks absorption
spectrum toward Mrk 421 to the absorption line
pattern of the Chandra L E T G S spectrum (Nicas-
tro et al. 2005b; Williams et al. 2005).
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Search for WHIM in emission

Two approaches
CCD-based search using a current mission.

Search for redshifted OVII and OVIII lines to get “evidence” of 
WHIM.
We use Suzaku because it has low and stable detector 
background and line spread function at low energy is good.

Proposing new mission with a microcalorimeter.
DIOS (Japan), XENIA (US, Europe, Japan)
Estimating detectability is important.
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Search cluster vicinities with Suzaku 
Eight clusters and 
superclusters have been 
observed.

Targets are selected 
based on the possible 
elongation in LOS and 
reported soft emission 
in literature
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Target Redshift Info Observation Reference
A2218 0.18 Elongation in LOS is suggested 2005-10-27 YT+07
Coma-11 0.02 XMM detected OVII/OVIII liens 2007-06-21 YT+08
A399/401 0.07 Pair cluster 2006-08-22 Fujita+08
A2052 0.04 Soft excess reported with XMM 2005-08-20 Tamura+08
A1413 0.14 Suzaku observed to virial radius 2005-11-15 Hoshino+10
A2142 0.09 Big cluster under merger 2007-01-05 Akamatsu+ in prep.
Shapley 0.06 Soft excess reported with ROSAT 2008-07-10 Mitsuishi+ in prep.
Sculptor 0.11 Soft excess reported with ROSAT 2005-12-03 Sato+ in prep.
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Search cluster vicinities with Suzaku 2
No detection.  Tight upper limits 
of OVII/OVIII surface 
brightness is obtained.

Some upper limits are tighter 
than previously claimed 
“detections”.

Discrepancy mainly due to 
incorrect foreground modeling. 
(c.f. Mitsuda talk yesterday)
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Estimated upper limit of overdensity

Surface brightness is proportional 
to density2, abundance (Z), LOS 
path length (L) and emissivity 
(F(T)).
Density is constrained with an 
assumption of Z, L and T.
Suzaku upper limits correspond 
to δ~300 assuming Z = 0.1 Zsolar 
and L = 2 Mpc
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Future missions optimized for WHIM study
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• Δ E: 2 eV
• Effective area: ~100 cm2

• N of pixels: 12 x 12 pixels
• FOV: 0.7 deg x 0.7 deg
• PSF: 2 arcmin HPD

• Δ E: 2.5 eV (goal 1 eV)
• Effective area: ~1000 cm2 (goal 1300)
• N of pixels: 2000 (goal 2176)
• FOV:  0.9 deg x 0.9 deg (goal 1 x 1)
• PSF: 4 arcmin HPD (goal 2.5)

XENIA
(US, Europe, Japan)

DIOS (Japan)
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Simulation for detectability with XENIA
Studied mock spectra based on SPH simulation by Borgani+ 2004, based 
on GADGET-2 (Springel+ 2005)
Spectrum is calculated assuming CIE.
Metallicity is determined a posteriori, (either as min(0.3, 0.005(ρ/<ρ>) 
(Croft+ 2001) or as that with scatter to reproduce Cen & Ostriker 1998).
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• ΩΛ = 0.7
• Ωb = 0.04
• h = 0.7
• σ8 = 0.8
• Box size = 192h-1 Mpc
• particles = 4803 + 4803

• Gravitatioal softning: 
ε = 7.5h-1 Mpc at z=0.

• SF: included as sub-
resolution multiphase 
mode (Springel & 
Hernquiet 2003)

• FB from SNe: weak 
galactic outflows

• Radiative cooling 
assumes zero metallicity

X–ray cluster properties 5

Figure 1. Left panel: map of the gas density over the whole simulation box at z = 0, projected using a ray–tracing technique through
a slice having thickness of 12 h−1Mpc, and containing the most massive cluster found in the simulation (upper right side of the panel).
Right panel: zoom into the region of the largest cluster; the cluster is shown out to one virial radius, so that the panel encompasses a
physical scale of about 4.5 h−1 Mpc.

pansion factor, from aexp = 0.1 to aexp = 1, thus producing
a total amount of about 1.2 Tb of data. The fine spacing
of snapshots in time can be used to measure merger tree of
halos, and to realize projections along the backward light–
cone.

3 RESULTS

We start our analysis with an identification of groups and
clusters within the simulations box. To this end, we first
apply a friends-of-friends halo finder to the distribution of
DM particles, with a linking length equal to 0.15 times their
mean separation. For each group of linked particles with
more than 500 members, we identify the particle having the
minimum value of the gravitational potential. This particle
is then used as a starting point to run a spherical over-
density algorithm, which determines the radius around the
target particle that encompasses an average density equal
to the virial density for the adopted cosmological model,
ρvir(z) = ∆c(z)ρc(z), where ρc(z) = [H(z)/H0]

2ρc,0 is the
critical density at redshift z, and the overdensity ∆c(z) is
computed as described in Eke, Cole & Frenk (1996).

In the left panel of Figure 1, we show a map of the gas
distribution at z = 0, projected through a slice of thickness
1/16th of the box size. This slice includes the most massive
cluster found in the simulation, which is located in the upper
right region of the map. The panel on the right shows the
gas distribution of this cluster out to the virial radius, thus
representing a zoom-in by about a factor of 40. The tiny dark
spots visible in the central cluster regions are condensations
of high–density cold gas. They mark the locations where
star formation is taking place and, therefore, the positions
of cluster galaxies. The amount of small–scale detail which
is visible in the zoom–in of the right panel demonstrates

the large dynamic range encompassed by the hydrodynamic
treatment of the gas in our simulation.

The cluster shown in Fig. 1, which has an emission–
weighted temperature of Tew ! 7 keV (see below), is re-
solved with about 2 × 105 DM particles within the virial
radius. Overall, we have 400 halos resolved with at least
10,000 DM particles, 72 clusters with Tew > 2 keV, out of
which 23 have Tew > 3 keV. Clusters with Tew = 1 keV
are resolved with about 7,000 DM particles. Therefore, our
simulation provides us with an unprecedented large sample
of simulated groups and clusters of medium-to-low richness
that are represented with good enough numerical resolution
to obtain reliable estimates of X–ray observable quantities,
such as luminosity, temperature and entropy.

In the following, we will mainly concentrate on the de-
scription of the properties of clusters at z = 0, while we
will deserve to a forthcoming paper the discussion of the
redshift evolution of the X–ray scaling relations and their
comparison with observational data.

3.1 The stellar fraction in clusters

Observational determinations of the fraction of baryons
locked up in stars in galaxy clusters, f∗, consistently indi-
cate a rather small value. For instance, Balogh et al. (2001)
found this fraction to be below 10 per cent, independent of
the cluster richness. More recently, Lin et al. (2003) selected
a sample of nearby clusters, with ICM masses available from
ROSAT-PSPC data and total stellar mass estimated from
the total K–band luminosity, as provided by the 2MASS
survey (e.g., Cole et al. 2001). They found that rich clus-
ters have f∗∼

< 10 per cent, with an increasing trend toward
poorer systems (see the data points plotted in Figure 2).

On the other hand, hydrodynamical simulations of clus-

c© 2003 RAS, MNRAS 000, 000–000

Gas density profile (Borgani+ 2004)
192 h-1 Mpc
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Detecting emission lines from mock spectra
Created mock spectra for 0<z<0.5 gas, for each 2.6‘x2.6’ angular size.
Detection is based on pixel-by-pixel (2.6’x2.6’) spectrum
XENIA goal: ΔE = 1 eV, texp = 1Ms gives 0.07 ph s-1 cm-2 sr-1 as the 5σ detection limit.
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one can compute the significance of a line detection using the following expression:

σline =
fline√

[fline + (fCXB + fFG)∆E]

√
∆ΩtexpAeff , (1)

where fline is the line flux in units of photons cm−2 s−1 sr−1, ∆E is the energy resolution

of the instrument, Aeff its effective area, ∆Ω its angular resolution and texp is the exposure

time. Eq. 1 assumes that both signal and noise can be treated as Poisson variables.

In Table 2 we list for the two WHIM model explored (column 1) and two different

exposure times (col. 2) the minimum line surface brightness required for a 5σ line detection

(col. 3) in a hypothetical observation performed with CRIS. The value should be revised

after fixing the assumed FG and CXB level. The corresponding number of detections

per resolution element and unit redshift can be obtained from the dN/dz statistics plotted

in Figures 2, 3 and 4. They are listed in columns 4 (OVII), 5 (OVIIII) and 6 (simultaneous

OVII and OVIII detections), respectively. Column 7 shows the total number of OVI+OVIII

WHIM detections expected in the CRIS field of view due to the gas at z ≤ 0.5. Each entry in

the table shows two values. The higher one represents the expected number of detected lines

contributed by all gas, not just the WHIM, along the line of sight. The smaller one refers

to lines which can be attributed to the WHIM. All detection estimates assume an angular

resolution of 4 arcmin (i.e. the CRIS baseline) and thus are easily rescaled to the resolution

of 2.5 arcmin (the CRIS goal).

¿From Table 2 we see that the expected number of WHIM detections is quite large even

in the least favourble case (model B1, texp=100 ks, simultaneous OVII+OVIII detection),

making us confident that next generation instruments will give us the possibility not only

to detect the WHIM but also to investigate its statistical and physical properties. Long

exposures of 1 Ms are required to trace the 3D distribution of the WHIM, as it will be shown

in Section 5.2. In this case, the existence of a large scatter in the density-metallicity relation,

like in our B2 model, is required to detect the WHIM away from the higher density peaks,

i.e. to trace its filamentary structure.

Observational perspectives for the study of the WHIM are actually even more promising

since detections estimates estimates listed in Table 2 are likely to be biased low. For three

reasons. First of all, we have considered only gas within z = 0.5 while numerical simulations

indicate that baryon mass fraction in WHIM does not drop suddenly beyond z = 0.5 .

Instead it slowly decreases with redshift: it constitutes 30-40 % of the baryons at z = 1 and

18-20 % at z = 2 (Cen & Ostriker 2006). The hope is to be able to use metal lines different

from OVII and OVIII to detect the WHIM atz > 0.5 Second of all, we have considered

the baseline characteristics of a detector like CRIS, while it is likely that next generation

detector will be able to match some of the goal requirements. Finally, we have considered a

30 ph s-1 cm-2 keV-1 sr-1

20 ph s-1 cm-2 keV-1 sr-1
1 eV 2.6’ x 2.6’

1 Ms

1000 cm2 (XENIA)
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Detectability with XENIA

Expected detection is dNdz > 1 
for both OVII and OVIII lines for 
a single sight line.

With 1 deg x 1 deg FOV, dz = 0.5, 
and 2.6‘x2.6’ angular element 
size, More than 600 OVII/OVIII 
pairs are expected to be detected 
with one 1 Ms observation.

Metallicity difference makes a 
factor of ~2 difference.
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Probed WHIM in ρ-T space

Based on pair detection of OVII and 
OVIII.
Most of δ>100 and half of δ>30 region 
can be probed.
Metallicity with scatter assumed.
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Temperature estimate from mock observation
Quite good correlation.
The temperature of the region can be estimated from OVIII/OVII ratio 
by ~30% uncertainty.
Matches best to OVII emissivity weighted temperature.
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Identification of OVII and OVIII pairs.
How good the 3D map is created depends on how good we identify emitters.

A single line cannot determine redshift, because we do not know a priori 
what the line is.

OVIII and OVII “pairs” can be identified using energy ratio of lines.
Careful exclusion of foreground lines and distinction of other (e.g., Fe L 
complex) lines are essential.

70% of the emitters can be identified.  Spurious detections are no more than 10%.
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Black: Galactic + unresolved 
extragalactic sources
Red: extragalactic diffuse

Galactic components: absorbed 
CIE plasma + unabsorbed CIE 
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Expected 3D map at z=0.22
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5.5 deg = 48 Mpc

54 Mpc (Δz = 0.02)

Gas density OVII/OVIII emission line
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Expected 3D map at z=0.1
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5.5 deg = 26 Mpc

57 Mpc (Δz = 0.02)

Gas density OVII/OVIII emission line
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Prospects with other missions
Suzaku

Sensitivity reaches to δ~300.  Possibly we will get evidence of redshifted O 
lines for a few cluster outskirts

DIOS
Similar energy resolution, but x10 smaller effective area as XENIA.
Expected to provide similar 3D maps as XENIA.  However, only denser 
nodes can be probed.

Astro-H (2014)
First microcalorimeter in orbit.  But small effective area (100 cm2) and small 
FOV (2.9‘x2.9’) limits the study at cluster outskirts/groups.

IXO
Quite larger effective area (x10), but small FOV (x1/1000).  Good to probe 
smaller scale blobs, but not suitable for mapping.  For absorption study, IXO 
will provide a significant progress.
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ments in which both O VII and O VIII line surface brightness above the selection threshold.

Blue curve: gas elements in which both O VII and O VIII line surface brightness above 0.48

photons s−1 cm−2 sr−1, corrsponding to 100 ks observation with CRIS.

 4.5

 5

 5.5

 6

 6.5

 7

 7.5

 8

-2 -1  0  1  2  3  4

lo
g 

T

log (density/mean baryon dnesity)

OVII

OVIII
Continuum

δ = 300

T = 106 K



Cosmic Chemical Evolution Workshop. June 2-4Yoh Takei (takei@astro.isas.jaxa.jp)

Prospects with other missions
Suzaku

Sensitivity reaches to δ~300.  Possibly we will get evidence of redshifted O 
lines for a few cluster outskirts

DIOS
Similar energy resolution, but x10 smaller effective area as XENIA.
Expected to provide similar 3D maps as XENIA.  However, only denser 
nodes can be probed.

Astro-H (2014)
First microcalorimeter in orbit.  But small effective area (100 cm2) and small 
FOV (2.9‘x2.9’) limits the study at cluster outskirts/groups.

IXO
Quite larger effective area (x10), but small FOV (x1/1000).  Good to probe 
smaller scale blobs, but not suitable for mapping.  For absorption study, IXO 
will provide a significant progress.
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Summary
WHIM study using emission still remains to be done.

No significant detection yet.
Will be a new probe for cosmic chemical evolution.

XENIA will certainly make a remarkable progress.
~600 OVII/OVIII pairs in a 1 Ms exposure.
Half of mass of δ~30 detected.
Temperature determination with ~30% error.
3D maps.

CCD-based analysis (Suzaku) is quite tough, but maybe detect a few 
redshifted O lines associated with the large scale structure.
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